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bioenergetics ͉ transport ͉ membrane protein ͉ structure T he lactose permease of Escherichia coli (LacY) is a paradigm for membrane transport proteins that couple free energy stored in electrochemical ion gradients into solute concentration gradients (1) (2) (3) (4) . Thus, LacY catalyzes the coupled stoichiometric translocation of galactosides and H ϩ (lactose͞H ϩ symport), by using the free energy released from the downhill translocation of H ϩ to drive galactoside accumulation and vice versa. The protein has been solubilized from the membrane, purified in a completely functional state (reviewed in ref. 5 ) and shown to function as a monomer (6) . LacY has 12 transmembrane helices with the N and C termini on the cytoplasmic face of the membrane ( Fig. 1; refs. 7-9) .
In a functional LacY mutant devoid of native Cys residues (Cys-less LacY), each residue has been replaced with Cys or other residues (reviewed in ref. 10) . Systematic study of singleCys and other site-directed mutants has led to the identification of functionally essential residues (10) as well as a working model for the mechanism of lactose͞H ϩ symport (11, 12) . Analysis of the mutant library with a battery of site-directed biophysical and biochemical techniques has also led to the formulation of a helix-packing model of LacY ( Fig. 6 ; reviewed in ref. 13) In addition to other methods, intramolecular thiol crosslinking has been used for estimating helix packing, tilts, and ligand-induced conformational changes in LacY (12) . While studying cross-linking of helix VI with homobifunctional thiol cross-linking agents in nonoverlapping, contiguous peptides corresponding to the N-and C-terminal halves of LacY (N 6 ͞C 6 split LacY), we observed (14) that certain paired-Cys mutants form C 6 ͞C 6 homodimers. The observation raised the possibility that such an approach might be useful for identifying residues in transmembrane helices that are surface exposed.
In this study, homodimer formation induced by a homobifunctional thiol cross-linking agent 5 Å in length is observed with 9 single-Cys mutants in transmembrane helices of 250 mutants tested. Seven mutants are located at the cytoplasmic ends and 2 at periplasmic ends of transmembrane helices, and the positions are distributed around the periphery of the 12-helix bundle. The results are consistent with the current helix-packing model and suggest that Cys residues on helical surfaces exposed to the low dielectric of the membrane are unreactive. Moreover, two positions on opposite sides of the molecule cross-link at similar rates with sigmoid time courses, and cross-linking is markedly decreased at low temperature. The findings provide further evidence for the conclusion that LacY is a monomer, because homodimer formation appears to be a stochastic process involving random collisions within the plane of the membrane.
Experimental Procedures
LacY Mutants. Construction of all single-Cys lacY mutants in plasmid pT7-5 has been described (15) (16) (17) (18) (19) (20) (21) (22) (23) (24) . Given mutants contain a 100-residue biotin acceptor domain (BAD) in the middle cytoplasmic loop (loop VI-VII) or at the C terminus. Construction of the LacY͞LacY tandem fusion protein has also been described (6) . (25) was transformed with plasmid pT7-5 encoding the cassette lacY gene with given single-Cys mutants. Cells were grown at 37°C in Luria-Bertani broth containing 100 g͞ml ampicillin and 0.1 mM isopropyl 1-thio-␤,D-galactopyranoside. Overnight cultures were harvested by centrifugation, washed with 20 mM Tris⅐HCl (pH 7.4)͞5.0 mM EDTA, suspended in the same buffer, and disrupted by sonification. After centrifugation at 20,000 ϫ g max for 15 min at 4°C to remove unbroken cells, membranes were harvested from the supernatant by centrifugation at 440,000 ϫ g max for 10 min at 4°C. The supernatant was discarded, and the pellet was suspended in 20 mM Tris⅐HCl (pH 7.4) at a protein concentration of about 2 mg͞ml. Total membrane protein was assayed with the MicroBCA Kit (Pierce) by using BSA as the standard. [MTS-1-MTS (3Å)] or iodine was used, the final concentrations were 0.05 mM and 2.5 M, respectively. In most cases, the reactions were terminated by addition of 5 mM N-ethylmaleimide. While studying cross-linking rates, reactions were terminated at given times by addition of 5 mM methyl methanethiosulfonate and incubation on ice. Samples were mixed with loading buffer without DTT or heating and immediately subjected to NaDodSO 4 ͞10% PAGE, transferred onto poly(vinylidene difluoride) membranes (Immobilon-PVDF; Millipore) and (Fig. 2B) . In contrast, control samples treated with 2.5% dimethyl sulfoxide (DMSO), the solvent for the crosslinking agent, do not exhibit such a band. Thus, these positions are probably located on exposed surfaces of LacY so that intermolecular cross-links are formed producing homodimers. Of 250 single-Cys mutants tested, only these 9 mutants exhibit significant intermolecular cross-linking under the conditions described.
Expression of LacY and Membrane Preparation
Three single-Cys mutants at positions 275, 278 (helix VIII) or 398 (helix XII) were studied further with the shorter cross- linking reagent MTS-1-MTS (3 Å). The mutants exhibit similar cross-linking efficiency with this reagent (Fig. 3 A and B) . However, no significant homodimer formation is observed with iodine as an oxidizing agent (data not shown). Furthermore, when cross-linking is carried out at 0°C, efficiency is markedly decreased (Fig. 4A, lanes 3 and 7; Fig. 4B, lane 3) . This phenomenon is also observed with mutant F185C and F186C, although the data are not shown. Finally, the high-affinity substrate analog ␤,D-galactopyranosyl 1-thio-␤,D-galactopyranoside has no significant effect on cross-linking with single-Cys residues at positions 275 and 278 (helix VIII); 398 (helix XII ; Fig.  4) ; or positions 185, 186, or 187 in helix VI (data not shown).
Cys Residues on Opposite Sides of LacY Cross-Link to Form
Homodimers. The rate of cross-linking with two mutants containing single Cys residues on opposite faces of 12-helix bundle that comprises LacY (positions 278 in helix VIII and 398 in helix XII) is shown in Fig. 5 A and B . Cys mutant 278 cross-links somewhat more efficiently than Cys mutant 398, but both mutants exhibit similar time courses of cross-linking, and in both instances, the marked sigmoidicity is observed (Fig. 5C) . Thus, the rate of cross-linking increases slowly over the initial 3 min, abruptly between 3 and 5 min and at a slower rate thereafter. Although data are not shown, each of the other mutants that exhibit homodimer formation under these conditions also exhibit sigmoid time courses.
Discussion
Intermolecular thiol cross-linking was used to scan 250 LacY mutants with single-Cys replacements located in the transmembrane domains and in some helix-loop boundaries. Only 9 mutants [W78C (helix III); F185C, F186C, and A187C (helix VI); Y263C, I275C, and F278C (helix VIII); F308C (helix IX); and F398C (helix XII)] exhibit intermolecular cross-linking by using a homobifunctional MTS cross-linking agent that is 5 Å in length ( Figs. 1 and 2) . The results are consistent with the LacY helix packing model in the sense that all 9 positions are located on the periphery of the 12-helix bundle and face away from the middle of the molecule (Fig.6) . It is also noteworthy that all 9 mutants are at or near helix-loop interfaces and that the native residue in each instance is either hydrophobic or contains an aromatic ring (Fig. 1) . Finally, 7 of the 9 mutants are located toward the cytoplasmic surface, whereas only 2 are located toward the periplasmic surface, suggesting that the profile of LacY in the membrane may not be regular (28) (29) (30) .
The number of single-Cys mutants that exhibit intermolecular cross-linking is surprisingly small. An irregularly shaped molecule may account in part for the small number of mutants that cross-link. However, in view of the observation that all of the productive positions are located at the ends of helices or at helix-loop boundaries, it is also likely that Cys residues facing the interior of the bilayer are relatively unreactive. In the low dielectric of the bilayer, the thiol form is greatly favored over the thiolate anion, and the latter is far more reactive (31) . In addition, most homobifunctional cross-linking agents, more specifically the bis-MTS reagents used here, are amphipathic, which may limit accessibility to Cys residues buried in the bilayer. Although relatively few mutants cross-link to form homodimers, many of the single-Cys mutants tested react with Nethylmaleimide and͞or thiosulfonate derivatives (13, (32) (33) (34) (35) . Therefore, another possibility for the low abundance of homodimers is that one functional group in the cross-linking agent reacts with Cys replacements facing the interior of the molecule so that the other reactive group is never in sufficiently close proximity to react with the homolous Cys residue in another molecule. Finally, the position that defines the ends of the transmembrane helices is an approximation based on single amino acid deletion analysis (36, 37) that is probably accurate to within one turn of a helix. Because it appears that only residues at helix-loop interfaces undergo cross-linking, another possibility for the small number of single-Cys mutants that cross-link is that the ends of some of the transmembrane helices have been underestimated, leading to artifactually negative observations for some of the positions tested.
Although it has been suggested that LacY may function as a dimer under certain conditions (38) (39) (40) , more direct observations (6, 29, (41) (42) (43) provide convincing evidence that LacY is both structurally and functionally a monomer. Data presented in this study strongly support this contention. (i) In addition to their location at the end of helices or at helix-loop boundaries, the 9 Cys-replacement mutants that exhibit homodimer formation are all positioned on the periphery of the 12-helix bundle facing away from the middle of LacY (Fig. 6). (ii) Mutants F275C and F398C located on opposite sides of the 12-helix bundle cross-link at rates within the same order of magnitude. (iii) The time course of homodimer formation with mutants F275C or F398C is markedly sigmoid. This behavior is consistent with the interpretation that, in order for homodimer formation to occur, two separate reactions that occur at different rates are required. First, there is a relatively rapid reaction in which one functional group in the cross-linking agent reacts with a Cys residue. In a second, much slower reaction, the second functional group reacts with the Cys in the second molecule to produce a homodimer. Clearly, the second reaction must be much slower than the first, as it requires that appropriate faces of two LacY molecules collide within the plane of the membrane. (iv) Homodimer formation is markedly inhibited at 0°C. Although inhibition may be due in part to the effect of temperature on chemical reactivity per se, it is well known that the rate of lateral diffusion is dramatically decreased below the lipid phase transition (reviewed in ref. 44) , which occurs at 18°C in E. coli (45) . (47) . Taken as a whole, the observations provide strong support for the interpretation that LacY is both structurally and functionally a monomer and that homodimer formation in certain single-Cys mutants occurs as the result of a stochastic process involving random collisions between monomers.
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